Trk neurotrophin receptor ubiquitination in response to ligand activation regulates signaling, trafficking, and degradation of the receptors. However, the in vivo consequences of Trk ubiquitination remain to be addressed. We have developed a mouse model with a mutation in the TrkA neurotrophin receptor (P782S) that results in reduced ubiquitination due to a lack of binding to the E3 ubiquitin ligase, Nedd4-2. In vivo analyses of TrkAP782S indicate that defective ubiquitination of the TrkA mutant results in an altered trafficking and degradation of the receptor that affects the survival of sensory neurons. The dorsal root ganglia from the TrkAP782S knock-in mice display an increased number of neurons expressing CGRP and substance P. Moreover, the mutant mice show enhanced sensitivity to thermal and inflammatory pain. Our results indicate that the ubiquitination of the TrkA neurotrophin receptor plays a critical role in NGF-mediated functions, such as neuronal survival and sensitivity to pain.
Introduction
Neurotrophins play a pivotal role in the proper functioning of the nervous system by modulating survival, proliferation, differentiation, axonal growth, synaptic plasticity, and sensitivity to pain. The actions of neurotrophins depend on two different transmembrane receptors: Trk neurotrophin receptors and the p75 neurotrophin receptor. Nerve growth factor (NGF) binds specifically to TrkA Huang and Reichardt, 2003) , the first member of the Trk neurotrophin receptor family identified (Martin-Zanca et al., 1986) , which is mainly expressed in different ganglia from the peripheral nervous system (PNS), such as the dorsal root ganglia (DRG), the superior cervical ganglia (SCG), and the trigeminal ganglia (Martin-Zanca et al., 1990; Tessarollo et al., 1993) . trkA-and ngf-deficient mice (KO) display a significant loss of neurons from these ganglia (Crowley et al., 1994; Smeyne et al., 1994) .
In addition to regulating sensory neuron survival during development, NGF-and TrkA-mediated signaling also plays a major role in pain processing after primary nociceptors have lost their absolute dependency on NGF in the postnatal period. Several observations support this view: (1) trkA and ngf KO mice exhibit several sensory defects (Crowley et al., 1994; Smeyne et al., 1994) , (2) NGF administration produces behavioral hyperalgesia (Lewin et al., 1993; McMahon, 1996) , (3) NGF acts as an inflammatory mediator (Woolf et al., 1994; McMahon et al., 1995) , (4) NGF modulates the levels of substance P and calcitonin generelated peptide (CGRP) in sensory neurons (Otten et al., 1980; Lindsay and Harmar, 1989; Crowley et al., 1994) , (5) nearly all human cases of sensory and autonomic neuropathy type IV are caused by mutations in the TrkA gene (Indo et al., 1996; Indo, 2001) , and (6) promising results have been obtained with recent clinical trials targeting NGF for pain relief (Lane et al., 2010) . All these findings highlight the relevance of NGFTrkA in pain modulation, but the molecular mechanisms are not fully understood.
It has been shown that TrkA ubiquitination controls the turnover of TrkA (Geetha et al., 2005; Makkerh et al., 2005; Arévalo et al., 2006) . TrkA, but not TrkB or TrkC, binds to and is ubiquitinated by Nedd4-2 (Arévalo et al., 2006) . Moreover, depletion of the endogenous levels of Nedd4-2 in DRG neurons affects TrkA trafficking, degradation and NGF-mediated signaling as well as the in vitro survival of sensory neurons (Yu et al., 2011) . However, the in vivo consequences of TrkA ubiquitination on NGFmediated neuronal survival and nociceptive functions have not been addressed.
Here we report that ubiquitination of TrkA plays an influential role in NGF-mediated neuronal survival and nociceptive functions in vivo. We observed that TrkA ubiquitination was impaired in a knock-in (KI) mouse model expressing a mutant TrkA protein (TrkAP782S) in which the binding site for Nedd4-2 was mutated. Consequently, in these mice TrkAP782S afforded increased tyrosine kinase activity, but was inefficiently degraded. This KI mouse exhibited an increased number of sensory neurons, enhanced levels of substance P and CGRP and augmented skin innervation. Thus, this mouse model pointed to an enhanced sensitivity to pain mediated by thermal and inflammatory stimuli. Our data provide strong support for an in vivo physiological role for Nedd4-2-mediated TrkA ubiquitination.
Materials and Methods

Materials
NGF was obtained from Alomone Labs. The following antibodies were used: anti-203, RTA, and p75 (9992); [generous gifts from Dionisio Martín-Zanca (IBFG, Salamanca, Spain), Louis Reichardt (UCSF, San Francisco, CA), and Moses Chao (NYU, New York, NY), respectively]; Nedd4-2 was previously described (Arévalo et al., 2006) ; Trk (C-14), P4D1 (ubiquitin), and PY99 (Santa Cruz Biotechnology); Rab7, anti-FLAG, actin, and ␤III-Tubulin (Sigma-Aldrich); phosphoTrk (Y490), (Cell Signaling Technology); EEA1 (Beckton Dickinson); c-fos (Oncogene Research Products); and PGP9.5 (Thermo Scientific).
DNA transfections, preparation of cell lysates, and immunoblotting
Plasmid DNA was transiently transfected into HEK293 cells using the calcium phosphate method. Cells were lysed in a lysis buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 1 mM PMSF, 1 g/ml aprotinin, 2 g/ml leupeptin, 1 mM vanadate, 10 mM NaF, and 20 mM ␤-glycerophosphate) for 40 min at 4°C with gentle shaking and centrifuged at 12,000 rpm for 15 min to eliminate the debris (Arévalo et al., 2004) . Lysates were resuspended in 5ϫ SDS-buffer and boiled for 7 min to denature the proteins. Proteins were resolved by SDS-PAGE, and Western blots were performed with antibodies against different proteins.
Quantitative RT-PCR analysis
Total RNA was isolated from wild-type (WT) TrkA or KI E13.5 mouse DRGs using TRIzol reagent (Invitrogen). cDNA was reverse-transcribed using Superscript II reverse transcriptase and random primers. cDNA sample concentrations were determined by measuring absorbance at 260 nm using a NanoDrop 2000C spectrophotometer (Thermo Scientific). Quantification of the PCR products (trkA and ␤-actin, as a reference gene) was accomplished with a standard curve using SYBR-Green. The SYBR-Green was included in a 2ϫ Master Mix from Applied Biosystems (SYBR Green dye, dNTPs, Passive, ROX, AmpliTaq Gold DNA polymerase). The final volume of each reaction was 20 l: 10 l of Master Mix, 0.8 l (16 pmols) of each oligonucleotide, 7.4 l of distilled water and 1 l of cDNA at a concentration of 100 ng/l. A standard curve was constructed for each experiment by serial dilutions of cDNA: 0.01, 0.001, 0.0001, and 0.00001 ng/l. The amplification reaction was performed in an ABI Prism 7300 detection system (Applied Biosystems), with the following conditions: 10 min at 95°C followed by 36 cycles of 15 s at 95°C, and 1 min at 53°C (trkA and ␤-actin). The primers for trkA were: 5Ј-TCTCCTTCTCGCCAGTGGAC-3Ј and 5Ј-ACAGCCACAGAGAC-CCCAAA-3Ј; for ␤-actin: 5Ј-AGCCATGTACGTAGCCATCC-3 and 5Ј-ACCCTCATAGATGGGCACAG-3. The amplicons for trkA and actin were 79 bp and 104 bp long, respectively. Three PCRs were performed for each sample per plate, and each experiment was repeated three times. Data are represented as means Ϯ SEM and were analyzed using the two-tailed Student's t test (n ϭ 3).
DRG neuron culture
DRGs were dissected from embryonic day (E)13.5 WT TrkA and KI mouse embryos following the previously described protocol (Yu et al., 2011) . Briefly, dissected DRGs were incubated and dissociated with 0.25% trypsin in L-15 media for 45 min at 37°C. Trypsin was eliminated after centrifugation and cells were resuspended in plating medium (MEM, 10% FBS, 0.4% glucose, 2 mM glutamine, 100 U/ml pen/strep). A single-cell suspension was obtained by pipetting up and down 20 times sequentially with a 1000 and 200 l tip. The same number of cells were plated using plating medium and NGF (50 ng/ml) overnight on plastic plates coated with Growth Factor Reduced Matrigel (BD Biosciences) as substrate. On the following day the medium was changed to neurobasal medium (B-27, 0.4% glucose, 2 mM glutamine), NGF, and 5-fluorodeoxyuridine (2.44 g/ml), and uridine (2.44 g/ml). Proliferating cells disappeared after 3-4 d and Ͼ95% of cells at 8 d in vitro (DIV) were neurons.
Immunofluorescence and quantification
The DRG neurons used to perform immunofluorescence analysis were cultured on coverslips coated with 1 mg/ml poly-D-lysine and growth factor reduced matrigel. NGF was withdrawn in the presence of 20 M Z-VAD-FMK overnight and on the following day 50 ng/ml NGF was added to induce TrkA activation and internalization. Cells were then fixed with 4% paraformaldehyde (PFA) in PBS for 5 min, quenched with 50 mM NH 4 Cl for 10 min, blocked, and permeabilized with PBS containing 5% normal goat serum, 0.1% Tween 20, and 0.1% Triton X-100 for 30 min, and incubated with primary antibodies overnight at 4°C. The following day, cells were washed three times with PBS, incubated with the corresponding fluorescent secondary antibody at room temperature for 40 min, and washed with PBS three times. Images were collected with a Leica confocal microscope in RGB color and with identical format and sizes (1024 ϫ 1024 pixels). To avoid bleed-through between channels, each channel was acquired separately in the colocalization experiments. For colocalization analyses, images of the cells were processed with the functions of ImageJ (NIH). Processing consisted of saving the original color images as 8-bit black and white images and applying similar threshold settings for all pictures analyzed to remove the background. Background pixels were set to zero. Thus, the image pairs for pTrkA and EEA1 or Rab7 show specific signals for each marker. Quantification of the processed images was performed with a custom-written program using custom-made MATLAB scripts. Image pairs were multiplied in MAT-LAB so that the multiplication image would contain only signal pixels that were present in both images. The amount of colocalization was then expressed as a percentage of the number of pixels with values different from zero in the multiplied image relative to the number of pixels in the corresponding image for pTrkA.
Surface and degradation assays
Surface labeling and degradation assays were performed using cultured mouse DRG neurons, as previously described (Yu et al., 2011) . Briefly, to detect the amount of surface proteins in response to NGF, WT and KI cultured DRG neurons were used. Cells were stimulated with or without NGF (50 ng/ml) for 60 min to induce the internalization of surface proteins. Subsequently, cells were washed sequentially using room temperature PBS and cold PBS, chilled on ice, and incubated in 0.5 g/ml Sulfo-NHS-SS-biotin (Pierce) dissolved in biotinylation buffer (PBS, 1 mM CaCl 2 , 0.5 mM MgCl 2 ) for 20 min at 4°C to label the membrane proteins. Free biotin was quenched with 0.1 M glycine for 15 min at 4°C. Cells were then washed twice with cold PBS and lysed as indicated above. Biotinylated proteins were isolated from the total cell lysate by immobilization on Neutravidin beads (Pierce) for at least 3 h at 4°C. The beads were washed three times with lysis buffer and 20 l of 2ϫ SDS sample buffer was added before boiling for 7 min. Proteins were subjected to SDS-PAGE and immunoblotted with the corresponding antibodies. Degradation assays of surface proteins were performed using cultured WT and KI DRG neurons. Cells were NGF-starved and on the following day were washed with PBS, chilled on ice, and biotinylated using 0.5 g/ml Sulfo-NHS-SS-biotin for 20 min at 4°C. Neurons were sequentially washed with cold and room-temperature PBS and incubated in prewarmed medium at 37°C with or without NGF (50 ng/ml) for different times (15 and 60 min) to allow the biotinylated receptors to become internalized and degraded. Subsequently, cells were washed and lysed using lysis buffer and the biotinylated proteins were precipitated with Neutravidin beads, washed, and subjected to SDS-PAGE, and immunoblotted using different antibodies. With this method, it was possible to detect surface-labeled proteins that had not been degraded at different time points, regardless of whether the proteins had been internalized or whether they had returned to the plasma membrane.
In situ hybridization
Brains from postnatal day (P)0 WT and KI mice were fixed in 4% PFA for 48 h and incubated with 30% sucrose in PBS. Tissue sections (12 m) were obtained, postfixed with 4% PFA for 10 min, treated with PBS containing 0.1% DEPC for 5 min, and then with PBS containing 20 g/ml proteinase K for 6 min, followed by acetylation for 10 min. Sections were prehybridized for 30 min, and then hybridized with the corresponding probe (0.25-1 g/ml) overnight at 55°C. On the next day, sections were rinsed with 5ϫ SSC at 65°C, washed with 2ϫ SSC/50% formamide for 30 min at 65°C, treated with 20 g/ml RNase for 30 min at 37°C, washed with 2ϫ SSC and 0.1 ϫ SSC, and then subjected to anti-DIG-AP-conjugated antibody (Roche) staining and a BCIP/NBT (Roche) color reaction.
DRG neuron counting
Tissues from P0 WT and KI mice were fixed in PBS containing 4% PFA, cryoprotected overnight in PBS containing 30% sucrose, and frozen. Cyrostat sections (12 m) from DRGs were prepared and stained with a solution containing 0.5% cresyl violet, and cells with visible nucleoli were counted as neurons independently by four investigators blind to the genotype.
Immunohistochemistry
WT and KI mice of 3-5 month of age were perfused with PBS containing 4% PFA and spinal cord and skin from hindpaws were dissected and postfixed in 4% PFA O/N. The tissue was cryoprotected overnight in PBS containing 30% sucrose. It was then sectioned (20 m), and skin and spinal cord were stained with c-fos and PGP9.5 antibodies, respectively. Images were taken with an Olympus AX70 equipped with an Olympus DP70 camera. The number of c-fos-positive cells from formalin-injected mice in 17 and 19 sections, respectively, corresponding to three WT and three KI mice were quantified. Using NIH ImageJ software, the total area of the PGP9.5-positive fibers from 41 and 44 sections corresponding respectively to four WT and four KI mice was quantified.
Behavioral assays
All behavioral tests were performed with an experimenter blind to the genotype. For all behavioral experiments, mice (3-5 month males, 25-35 g) were placed in individual cages for 30 min and habituated to the test procedure for at least 3 d before experiments were performed. The mice used were backcrossed for at least six generations to C57BL/6.
Heat-test response. To assess acute heat sensitivity, we performed a semiautomated tail flick test (Ugo Basile). The experiment was performed using a radiant heat source focused at 3 cm from the tail tip, and the time from the initiation of the radiant heat until tail withdrawal was measured. Three separate determinations with 10 min interval between each determination were performed per animal and the numbers were averaged. A maximum cutoff of 15 s was used to prevent tissue damage.
Cold test. For the cold plate, we followed the protocol previously described (Guo et al., 2011b) with slight modifications. Briefly, a clear Plexiglas cylinder was placed on an ice/water bath equilibrated to 0°C and mice were placed inside the cylinder. The latency to the onset of brisk and persistent paw withdrawal and/or licking of the paw was measured.
Paw pressure test. Mechanical nociceptive thresholds were determined by the Randall-Selitto test on the left hindpaw as described previously (Arsequell et al., 2009) , with slight modifications. Pain thresholds were measured using an analgesymeter (Ugo-Basile). The apparatus was used to apply a force of between 0 and 745 g, increasing from zero at a rate of 48 g/s. The nociceptive threshold was taken as the point at which the mouse vocalized or struggled vigorously. Mice that did not attempt to remove their paws or vocalize before the 745 g point was reached (when pressure exerted is 420 g/mm 2 ) were recorded as having reached the cutoff pressure.
Inflammatory pain. Twenty microliters of 5% formalin was injected subcutaneously into the plantar surface of the right hindpaw. The mouse was recorded in a cage for the following 60 min to monitor licking and biting of the injected paw. Phases I (acute phase) and II (inflammatory phase) were considered from 0 to 15 min and from 20 to 55 min, respectively.
All animals were housed and bred in the SPF Animal Facility of the University of Salamanca. Proper measures were taken to reduce the pain or discomfort to the experimental animals. Animal care and its procedures were done in accordance with protocols approved by the Bioethics Committee of the University of Salamanca and following European Community guidelines.
Results
Impaired TrkAP782S ubiquitination in vivo
The ubiquitination of Trk tyrosine kinase receptors depends on the activation and autophosphorylation of the receptor in re- Figure 1 . Impaired TrkAP782S ubiquitination in cultured DRG neurons. A, The ubiquitination of TrkA is directly dependent on its activation levels. PC12-615 cells were stimulated with different amounts of NGF for 10 min and TrkA was immunoprecipitated. Western blot was performed to detect ubiquitination, tyrosine phosphorylation, and protein levels. A representative experiment is shown. Note the correlation between TrkA activation and ubiquitination. B, Nedd4-2 ubiquitinates and binds to WT TrkA but not to TrkAP782S. Lysates from HEK293 cells transfected with WT TrkA or TrkAP782S receptors and FLAG-Nedd4-2 were immunoprecipitated using Trk antibodies. Western blots were performed to assess TrkA ubiquitination, Nedd4-2 coimmunoprecipitation and TrkA. The expression levels of Nedd4-2 and tubulin as a control loading are shown. C, TrkAP782S is less ubiquitinated than WT TrkA. Equal amounts of lysates from cultured WT and KI DRG neurons treated with NGF (50 ng/ml) were immunoprecipitated with TrkA antibodies. Western blot analyses were performed to assess the levels of ubiquitination, expression, and the phosphorylation of TrkA proteins. A representative experiment is shown. WT, Wild-type TrkA; KI, TrkAP782S. D, Quantification of TrkA ubiquitination was performed using ImageJ (NIH). The intensity of the bands for the ubiquitination and phosphorylation of TrkA neurotrophin receptors were quantified and normalized to the amount in WT samples (100%). Results are means Ϯ SEM; p values were calculated using a two-tailed Student's t test (n ϭ 4). Note the decrease in the ubiquitination of TrkAP782S despite its increased phosphorylation.
sponse to neurotrophins. Use of the K252a kinase inhibitor or kinase-dead mutant Trk neurotrophin receptors effectively abolishes ubiquitination (Geetha et al., 2005; Makkerh et al., 2005; Arévalo et al., 2006) . To address whether TrkA ubiquitination levels depend on the degree of receptor activation, we stimulated PC12-615 cells (Hempstead et al., 1991) with different amounts of NGF. TrkA ubiquitination levels were directly correlated with the level of receptor activation because PC12-615 cells stimulated with increasing concentrations of NGF resulted in a dosedependent effect on TrkA ubiquitination (Fig. 1A) . Accordingly, TrkA ubiquitination can be said to require the activation of the receptor and the ubiquitination levels correlate with the receptor activation level.
To address the in vivo effects of TrkA ubiquitination, a KI mouse was generated which expresses a mutant TrkA protein with a single change in proline782 to serine (TrkAP782S; Yu et al., 2011) . Proline782 is part of the PPVY785 motif present in TrkA, but not TrkB or TrkC, that is responsible for the binding of Nedd4-2 to TrkA and the ubiquitination of this latter ( Fig. 1B ; Arévalo et al., 2006) . We first addressed whether the ubiquitination of TrkAP782S expressed in KI DRG neurons was altered. NGF-dependent sensory neurons from WT and KI mouse embryos were cultured. Upon stimulation with NGF (50 ng/ml) for 10 min, we observed a decrease in the ubiquitination of TrkAP782S compared with WT TrkA (Fig. 1C) . Quantification of four independent experiments revealed a significant reduction in the ubiquitination of TrkAP782S compared with WT TrkA in sensory neurons (68.6 vs 100%; Fig. 1D ). To rule out the possibility that the reduced TrkAP782S ubiquitination observed in neurons might have been a consequence of impaired activation of the mutant receptor in response to NGF, we tested its activation. We observed that TrkAP782S activation was increased in comparison with WT TrkA (138 vs 100%; (Fig. 1C,D) . Together with previous data, this suggests that the reduced ubiquitination of TrkAP782S was not due to the impairment of TrkAP782S activation, but to the lack of Nedd4-2 binding and ubiquitination.
Because the TrkAP782S protein levels appeared to be reduced in the immunoprecipitation experiments (Fig. 1C) , we assessed TrkAP782S levels in the DRGs isolated from KI mice. We analyzed TrkAP782S expression using lysates from cultured DRG neurons and observed a decrease in the protein levels of TrkAP782S compared with WT TrkA (Fig. 2A) . The quantification of several independent experiments using two different antibodies, anti-203 and RTA, which recognize different epitopes of TrkA, indicated a 32 and 23% reduction, respectively (Fig. 2B ). The differences in the results may be explained in terms of the antibodies used: the RTA antibody is directed to the extracellular domain of TrkA and the 203 antibody was generated against a peptide that includes the PPVY motif, which may display altered affinity for the TrkAP782S receptor. In any case, KI neurons expressed a lower level of TrkAP782S protein. To determine whether the differences in protein levels were a consequence of different levels of WT and KI trkA mRNA, we obtained total RNA from DRGs and performed quantitative real time PCR. To our surprise, there was a 40% reduction in the trkA mRNA levels obtained from the KI DRGs (Fig. 2C) , whereas there were no differences in the actin mRNA levels (Fig. 2D ). The differences observed in protein levels between TrkA and TrkAP782S were less prominent than at the mRNA level (23 vs 40% reduction; Fig.  2 B, C) . Normalization of TrkA protein levels to the corresponding mRNA levels indicated that there was an increased amount of TrkAP782S versus WT TrkA (Fig. 2D) . Therefore, KI mice have reduced TrkAP782S protein levels, possibly due to a reduced amount of mRNA synthesis or stability (see Discussion), which is somehow compensated at the post-translational level.
Impaired degradation and enhanced recycling of TrkAP782S
Previously, more TrkA receptor protein was observed along with enhanced TrkA stability in neurons depleted of Nedd4-2 (Yu et al., 2011) . We surmised that TrkAP782S protein might be more resistant to degradation than WT TrkA protein in response to NGF. To address this issue, we performed degradation experiments using biotinylation in response to NGF with WT and KI DRG neurons (Fig. 3A) . Surface TrkA was labeled with biotin to follow the fate of the receptors from the plasma membrane when stimulated with NGF. After 60 min of NGF treatment, there was a clear decrease in the amount of biotin-labeled WT TrkA as a Lysates from cultured DRG neurons were subjected to Western blot analysis with the indicated antibodies. B, Quantification of TrkA protein levels in WT and KI DRG neurons. Western blots were scanned and quantified using ImageJ software. Data are presented as means Ϯ SEM; p values were calculated using a two-tailed StudentЈs test (n ϭ 12). C, qPCR analysis showing the reduced expression of trkAP782S mRNA. The trkA transcripts for WT and KI were 8683 Ϯ 1123 and 5236 Ϯ 314 per 100 ng of cDNA, respectively. Results are means Ϯ SEM of three independent experiments performed in triplicate. The p value was calculated using a two-tailed Student's t test. D, Actin mRNA is not altered in KI DRG neurons. Actin transcripts for WT and KI were 103,700 Ϯ 9707 and 116,500 Ϯ 15,500 per 100 ng of cDNA, respectively. Results are means Ϯ SEM of three independent experiments performed in triplicate. E, Increased protein/mRNA ratio in KI mice. The ratio of the amount of protein vs mRNA levels was normalized to the ratio of the WT sample. Note the increase in the ratio in the KI samples.
result of TrkA degradation, but not in the amount of TrkAP782S (Fig. 3B) . Quantification of three independent experiments indicated no significant degradation of surface TrkAP782S upon NGF stimulation for 60 min, whereas a 29% reduction was noted in surface WT TrkA (Fig. 3C) . No differences in the response to NGF were detected in the degradation rate of p75 obtained from WT or KI neurons (Fig. 3 B, C) . Therefore, TrkAP782S has a lower degradation rate than WT TrkA in response to NGF.
What is the fate of the TrkAP782S protein after NGF stimulation? To address this question, we assessed the amount of TrkA at the cell surface upon NGF treatment in a biotin-labeling experiment, as outlined in Figure 3D and described previously (Yu et al., 2011) . We observed a reduction over time in the amount of surface TrkA from WT neurons, whereas the reduction in TrkAP782S surface levels from KI neurons was attenuated in response to NGF stimulation for 60 min (Fig. 3 E, F ) . The levels of p75 in the cell surface in response to NGF were similar in WT and KI neurons (Fig. 3 E, F ) . Previous results indicated that the internalization rate of TrkAP782S in transfected cells in response to NGF was similar to that of WT TrkA (Arévalo et al., 2006) . Accordingly, the biotinylation results suggest that TrkAP782S recycling may be enhanced in sensory neurons in response to NGF.
Defective trafficking of TrkAP782S in response to NGF
The alterations in the ubiquitination and degradation of TrkAP782S observed allow us to speculate that the trafficking of this mutant receptor in response to NGF may be affected. To assess the trafficking of activated TrkAP782S, we performed immunofluorescence analysis in WT and KI neurons using phospho-specific TrkA antibodies and different endosomal markers (Rajagopal et al., 2004) . Because these sensory neurons were maintained in the presence of NGF, they were first starved to assess the trafficking of TrkA in response to acute NGF treatment. After starvation, neurons were stimulated with NGF for different times and stained. Upon NGF treatment for 10 and 30 min, internalized WT TrkA and TrkAP782S colocalized with the early endosomal marker EEA1 (Fig. 4A) . No differences were observed at early time points (10 min), suggesting that both receptors reached this compartment similarly upon activation. However, in early endosomes we found a 42% increase in TrkAP782S compared with WT TrkA after 30 min of NGF treatment (Fig. 4B) , suggesting an accumulation of the mutant receptor in this compartment. In addition, we performed colocalization studies of active WT TrkA and TrkAP782S with the late endosomal marker Rab7 (Fig. 4C) . Quantification of the data indicated 43 and 49% decreases in the amount of pTrkAP782S compared with WT pTrkA present in the late endosomes after 10 and 30 min of NGF treatment, respectively (Fig. 4D) . Together, the colocalization experiments suggest that TrkAP782S exhibits a trafficking defect between early and late endosomal compartments that may be a result of its impaired ubiquitination.
Enhanced numbers of DRG neurons in TrkAP782S mice
The dependence of most DRG neurons on NGF-TrkA signaling during development is evident from the substantial cell loss in mice harboring null mutations in the ngf and trkA genes (Crowley et al., 1994; Smeyne et al., 1994) . Therefore, we assessed whether the number of L3 DRG neurons in KI mice at P0 was altered. Upon Nissl staining of L3 DRGs from WT and KI mice (Fig. 5A) , cell counts revealed a significant increase in the numbers of DRG neurons from KI compared with WT mice. The mean number of neurons was 4578 Ϯ 553 and 3100 Ϯ 382 for KI and WT DRGs, respectively (Fig. 5B) . Thus, the expression of TrkAP782S protein, which presents reduced ubiquitination and enhanced receptor activation, confers survival advantages to DRG neurons.
Increased thermal and inflammatory pain in mice expressing TrkAP782S
To address the physiological consequences of the P782S mutation, we addressed the role of TrkA in pain sensation. There is a considerable body of evidence to support a role for NGF-TrkA in Figure 3 . Decreased degradation and increased surface expression of TrkAP782S in response to NGF in DRG neurons. A, A receptor degradation assay was performed as depicted in the schematic diagram. Cultured DRG neurons from WT and KI mice were biotinylated to label surface proteins and were treated or not with NGF (50 ng/ml) for 60 min. Cells were processed as previously described (Yu et al., 2011) . Subsequently, Western blot analyses with Trk, p75, and tubulin antibodies were performed. B, Representative Western blots are shown. Actin was used as a negative control for biotinylated proteins and tubulin as a loading control for lysates. C, Quantification of biotin-labeled TrkA and p75. Data are normalized to the amount of biotinylated TrkA and p75 in nontreated neurons. Results are presented as means Ϯ SEM; p values were calculated using a two-tailed Student's t test (n ϭ 3). Note that the levels of TrkAP782S at 60 min are similar to 0 min. D, A schematic diagram of the surface expression assay using the biotinylation procedure in response to NGF is shown. Mouse DRG neurons were treated or not with NGF (50 ng/ml) for 60 min, and then biotinylated as previously described (Yu et al., 2011) . E, Representative Western blots are shown. Actin and tubulin were used as a negative controls for biotinylated proteins and as a loading control for lysates respectively. F, Quantification of surface TrkA and p75 upon NGF treatment. Data are presented as means Ϯ SEM; p values were calculated using a two-tailed Student's t test (n ϭ 4). Note that the surface levels of TrkAP782S at 60 min are similar to 0 min.
hyperalgesia (Mantyh et al., 2011; Indo, 2012 ). Thus, we tested whether WT and KI mice have differential sensitivities to pain by assessing standard nociception tests. First, we assessed the susceptibility of KI mice to noxious heat using the tail-flick assay. KI mice showed an increased sensitivity to noxious heat compared with WT mice (Fig. 6A) . The mean latency of tail withdrawal was 3.09 Ϯ 0.2 s and 5.2 Ϯ 0.66 s for KI and WT mice, respectively (Fig. 6A) . Similar results were obtained when the mice were exposed to cold pain. The mean latency of paw withdrawal or paw licking was 4 Ϯ 0.55 s and 6.33 Ϯ 0.58 s for KI and WT mice, respectively (Fig. 6B) . However, the WT and KI mice did not display significant differences in the susceptibility to mechanical stimuli as studied with the Randall-Selitto test (Fig. 6C) . Thus, TrkAP782S mice exhibit an enhanced sensitivity to thermal pain but not to mechanical pain.
We next examined whether the WT and KI mice showed differential sensitivities to inflammatory pain induced by formalin injection. KI mice displayed an increased responsiveness compared with WT mice (Fig. 6D) . Both WT and KI mice exhibited the typical biphasic response induced by formalin injection (Fig.  6D) , although the responses were significantly higher in the KI Immunofluorescence was performed as described in Material and Methods. Images were taken with a confocal microscope. Scale bar, 10 m. B, Quantification of pTrkA colocalization in EEA1 endosomes. Images were processed using ImageJ and the percentage of colocalization was quantified. Data are presented as means Ϯ SEM; p values were calculated using a two-tailed Student's t test (n ϭ 9 -10 neurons/time point). C, Colocalization of pTrkA with Rab7 compartments upon NGF treatment in WT and KI DRG neurons was performed as described in A. Scale bar, 10 m. D, Quantification of pTrkA colocalization in Rab7 endosomes was performed as described in B. Data are presented as means Ϯ SEM; p values were calculated using a two-tailed Student's t test (n ϭ 10 neurons/time point). . Enhanced sensitivity to thermal and inflammatory pain in TrkAP782S mice. A, TrkAP782S mice are more sensitive to thermal pain as compared with WT mice, assessed by tail-flick test (n ϭ 11 for WT and n ϭ 15 for KI). B, TrkAP782S mice are more sensitive to cold pain compared with WT mice (n ϭ 9 for WT; n ϭ 5 for KI). C, TrkAP782S mice display a similar noxious mechanical pain to WT mice assessed with the Randall-Selitto assay (n ϭ 20 for WT and KI). D, TrkAP782S mice are more sensitive to inflammatory pain induced by formalin injections. Licking and biting times upon formalin injection in the right hindpaw were recorded and quantified in cumulative periods of 5 min (n ϭ 7 for WT; n ϭ 13 for KI). E, Cumulative licking and biting times in Phases I (acute, 0 -15 min) and II (inflammatory, 20 -55 min) . The mean observed response time in Phase I was 51.0 Ϯ 7.65 s and 105.38 Ϯ 14.58 s for the WT and KI mice, whereas the mean observed response time in Phase II was 205.89 Ϯ 43.03 s and 478.77 Ϯ 63.04 s. F, c-fos staining in the spinal cord from WT and KI mice 3 h after formalin injection. TrkAP782S mice showed an increased c-fos staining in lamina I and II after formalin injection compared with WT mice. Note the increased number of c-fos-positive neurons in the section from a KI mouse. Scale bar, 200 m. G, Quantification of c-fos-positive neurons. c-fos staining in the spinal cord from WT and KI mice after formalin injection (n ϭ 3). Results for all panels are presented as means Ϯ SEM; p values for A-C, G were calculated using a two-tailed Student's t test, and for D, E using the Mann-Whitney test, two-tailed. ns, Nonsignificant. Note the increased sensitivity of KI mice to thermal-and inflammatory-mediated pain.
than in WT mice (105.4 Ϯ 14.6 s vs 51 Ϯ 7.65 s and 478.7 Ϯ 63 s vs 205.9 Ϯ 43 s for Phases I and II, respectively; Fig. 6E ). To address neuronal activity within the spinal cord of WT and KI mice in response to inflammatory pain, we tested the levels of c-fos, a well established activity-dependent gene, in spinal cord sections 3 h after formalin injection. The expression of c-fos has been connected directly to increased neuronal activity in response to extracellular stimuli (Greenberg et al., 1985) . Injection of formalin in the right hindpaw induced a higher number of c-fos-positive neurons in laminae I and II of the ipsilateral dorsal horn of KI mice compared with WT mice (Fig. 6F ) . The amounts of c-fos-positive cells were 23 and 35 per section in the WT and KI animals, respectively (Fig. 6G) . The expression of c-fos was specific to formalin injection because it was not detected at the contralateral side of the injection (data not shown). Thus, KI mice exhibit an enhanced sensitivity to inflammatory pain that can be monitored by increased neuronal activity in the spinal cord. Together, these data indicate that KI mice exhibit an enhanced response to noxious thermal and inflammatory stimuli but not to mechanical pain.
Increased numbers of substance P-and CGRP-positive neurons and enhanced skin innervation in TrkAP782S mice
To verify that the effects of the mutation of P782S in mice was associated with a pain phenotype, we performed in situ hybridization experiments on DRGs from WT and KI P0.5 pups to detect substance P and CGRP mRNA levels. Both genes are induced in response to NGF signaling (Otten et al., 1980; Lindsay and Harmar, 1989; Crowley et al., 1994; McMahon et al., 1995) . We observed a significant increase in the amount of CGRP-and substance P-positive cells in DRGs from KI compared with WT mice (Fig. 7 A, B) , equivalent to the numbers of neurons observed in both genotypes. To assess whether the increase numbers of DRG neurons had an impact on skin innervation, we performed immunohistochemistry assays using skin from hindpaws. The pan-neuronal marker PGP9.5 (Guo et al., 2011a ) was used to detect the nerve terminals that innervate the skin (Fig. 7C) . The skin from the KI mice displayed an enhanced area of innervation compared with the WT mice (Fig. 7D) . Thus, the expression of TrkAP782S leads to an increase in CGRP-and substance P-positive neurons and to an enhanced innervation of the skin.
Discussion
In this report, we provide evidence that the TrkAP782S mutant protein results in impaired ubiquitination of TrkA that plays a critical role in the degradation and trafficking of the receptor in response to NGF. To address in vivo the role of TrkA ubiquitination, we used a KI mouse model that expresses the mutant TrkA neurotrophin receptor, TrkAP782S, which is insensitive to Nedd4-2 E3 ubiquitin ligase action ( Fig. 1B ; Yu et al., 2011) . Although TrkAP782S is more active than WT TrkA, it is less ubiquitinated in response to NGF, resulting in impaired trafficking and degradation. KI mice exhibit an enhanced sensitivity to thermal and inflammatory pain, but not to mechanical pain. This is due to an increased amount of DRG neurons expressing CGRP and substance P as well as enhanced skin innervation and neuronal activity present in mutant mice.
The development of a mouse model expressing a mutant TrkA receptor insensitive to Nedd4-2 has allowed us to determine in vivo a role for Nedd4-2-mediated TrkA ubiquitination. Unexpectedly, the levels of TrkAP782S protein in this mouse are reduced compared with WT TrkA because of the reduced trkAP782S mRNA levels. Several different possibilities may be invoked to explain these results: (1) changes in the nucleotides required to mutate proline to serine may affect the stability of the mRNA; (2) insertion of the loxP and FRT sites required to generate the construct to target the trkA gene may have affected the transcriptional activity of the trkA promoter, and therefore, mRNA expression; and (3) a potential negative-feedback loop may reduce trkAP782S mRNA expression due to its high levels of activation, as previously suggested (Deppmann et al., 2008) . Nonetheless, TrkAP782S protein is less ubiquitinated than WT TrkA despite its higher activation levels. One consequence of the reduced TrkAP782S ubiquitination is the impairment of receptor degradation (Fig. 3 B, C) . Remarkably, the DRG from this KI mouse exhibited an increased number of neurons in vivo (Fig.  5 A, B) . A higher activation of TrkAP782S protein and downstream signaling cascades in response to NGF may account for these in vivo effects. It has previously been reported that the expression of this mutant receptor results in an increased in vitro survival of cultured sensory neurons (Yu et al., 2011) . Moreover, these data are supported by previous findings, such as that the overexpression of Nedd4-2 decreases the levels of TrkA (Arévalo et al., 2006) and that the depletion of Nedd4-2 in sensory neurons results in a more stable TrkA (Yu et al., 2011) . All these data indicate that ubiquitination is a key modification to TrkA that . Increased CGRP and substance P (SP) expression and skin innervation in TrkAP782S mice. A, Enhanced expression of CGRP and substance P in KI mice. In situ hybridizations using antisense probes against CGRP and substance P in lumbar DRGs from P0.5 pups. Sense probes for CGRP and substance P did not show any staining. Representative pictures of DRGs from WT and KI mice. Scale bar, 100 m. B, Quantification of positive neurons for CGRP and substance P in L3-5 DRGs from WT and KI P0.5 pups. The area of each DRG section was quantified with ImageJ software and the amount of positive neurons was counted. The number of sections quantified for CGRP was five for WT and nine for KI, and the number of sections for substance P was five for WT and six for KI. Results are presented as means Ϯ SEM; p value was calculated using a two-tailed Student's t test. C, Skin innervation in TrkAP782S mice is increased. Skin from the hindpaws of WT and KI mice was obtained and stained with the pan-neuronal marker PGP9.5. A representative image of the staining of skin from WT and KI mice is shown (n ϭ 4). Note the increased signal exhibited by the skin from a KI mouse. Scale bar, 50 m. D, Quantification of PGP9.5 staining in the hindpaw skin from WT and KI mice. The area of PGP9.5 staining was quantified as described in Material and Methods. Results are presented as means Ϯ SEM; p value was calculated using a two-tailed Student's t test (n ϭ 4).
